











sodium	pyruvate.	The	process	was	 fully	automated	allowing	 for	 the	 in-line	 recovery	of	 the	pure	












primary	 amines	 to	 aldehydes	 (while	 O2	 is	 simultaneously	 reduced	 to	 H2O2).[3]	 Vanillin	 has	 been	




In	 this	 context,	 we	 developed	 an	 efficient	 bio-preparation	 of	 nature-identical	 flavours	 and	
fragrances	exploiting	the	immobilized	amine	transaminase	from	the	moderate	halophilic	bacterium	
Halomonas	elongata	(HEWT),[8]	able	to	tolerate	a	range	of	temperature,	pH,	salts	and	co-solvents	in	
a	 continuous	 flow	 reactor.	 The	 combination	 of	 biocatalysis	 and	 flow	 reactor	 technology	 can	 be	
considered	 as	 an	 enabling	 methodology	 intrinsically	 compatible	 with	 the	 principles	 of	 green	
chemistry.[9]	Flow-based	biocatalysis	was	recently	applied	for	peptide	condensation,[10]	hydrolysis	
and	 formation	 of	 esters	 and	 sugars,[11]	 stereoselective	 carbonyl	 reduction,[12]	 formation	 of	 C-C	




covalently	 immobilized	 enzyme	 for	 the	 production	 of	 aldehydes.	 The	 products	 are	 aromatic	
aldehydes	used	as	flavours	and	fragrances	in	food,	beverage,	cosmetics	and	pharmaceuticals.	They	

















Scheme 1. Solution A: 20 mM solution of benzylamine in phosphate buffer (50 mM, pH 8.0) containing 10% DMSO. Solution B: 20 mM 
solution of pyruvate containing 0.1 mM PLP. T = 37 °C, P = atm.  
To	maximise	the	solubility	of	the	amine,	10%	of	DMSO	was	used	as	co-solvent	 in	the	phosphate	






The	 optimized	 conditions	were	 applied	 to	 the	 bioconversion	 of	 different	 benzylamines	 into	 the	
corresponding	flavour	aldehydes	(Table	1).	
	
Table 1. Preparation of aromatic benzaldehyde derivatives from the corresponding amines. Reactions were performed in the presence of 10 mM 
substrates and pyruvate, 0.1 mM PLP, 10% DMSO was used as co-solvent at 37 °C. Isolated yields are reported in the Experimental Section. a 
Conversion rates are normalised to the amount of enzyme used in the reaction and calculated as reported in reference 11a. b Liquid-liquid-phase flow 
stream (see procedure summarized in Scheme 3), in this case DMSO was not added to the buffer. 
 
Entry Substrate Reaction time 
(min) 


































































































































































































The	 process	 was	 implemented	 with	 the	 addition	 of	 an	 in-line	 acidification	 step	 followed	 by	





Scheme 2. Solution A: 20 mM solution of amines (entries 1-8) in phosphate buffer (50 mM, pH 8.0) with 10% DMSO. Solution B: 20 mM, 
solution of pyruvate containing 0.1 mM PLP. T = 37 °C, P = atm.	
This	protocol	was	successful	applied	to	substrates	1a-1h.	Aldehydes	obtained	from	substrates	1i	and	
1j	 (entries	 9	 and	 10)	 proved	 initially	 difficult	 to	 recover	 as	 they	 were	 retained	 by	 the	 packing	
material,	despite	different	and	extensive	washing	steps.		
A	 liquid-liquid-phase	 reaction	 system	 was	 therefore	 set	 up,	 where	 toluene	 was	 flown	 into	 the	
system	upstream	of	the	packed	column	(Scheme	3).	Upon	acidification,	downstream	of	the	process,	






























Scheme 3. Solution A: 20 mM solution of amines (entries 9, 10 Table 1 or 14-16 Table 2) in phosphate buffer (50 mM, pH 8.0). Solution 
B: 20 mM, 40 mM or 100 mM solution of pyruvate containing 0.1 mM PLP. T = 37 or 45 °C, P = atm. Toluene is added at the same flow 
rate to form a 50:50 biphasic stream.	
	



























Table 2. Preparation of aryl-alkyl aldehydes from the corresponding amines. Reactions were performed in the presence of 10 mM substrates and pyruvate, 
0.1 mM PLP, 10% DMSO was used as co-solvent at 37 °C. Isolated yields are reported in the Experimental Section a Conversion rates are normalised to 
the amount of enzyme used in the reaction and calculated as reported in reference 11a. b Liquid-liquid-phase flow stream (see procedure summarized in 
Scheme 3), in this case DMSO was not added to the buffer. c Reactions performed at 45 °C. d 20 mM Pyruvate. e 50 mM pyruvate. f Calculated at a similar 
degree of conversion of the batch reaction 
Entry Substrate Reaction time 
(min) 
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and	 hydrocinnamylamine	 (1p,	 entry	 16)	 to	 hydrocinnamaldehyde	 (2p,	 honey	 aroma),	 appeared	
more	challenging.	The	batch	reaction,	with	an	equimolar	concentration	of	amino	donor	underwent	
poor	 conversion	 after	 24	 hours	 (50	 and	 52%)	 without	 any	 significant	 increase	 over	 a	 longer	
incubation	 time,	 likely	 due	 to	 an	 unfavourable	 equilibrium.	 Under	 flow	 conditions,	 with	 one	
equivalent	 of	 pyruvate,	 the	 conversions	 achieved	 were	 50%	 and	 25%	 respectively,	 despite	
lengthening	 the	 residence	 time	 to	 30	 min.	 To	 displace	 the	 equilibrium,	 the	 concentration	 of	
pyruvate	was	increased	to	2	and	5	equivalents	with	respect	to	the	aldehydes	1o	and	1p,	yielding	
95%	of	cinnamaldehyde	and	90%	of	the	saturated	aldehyde	with	15	minutes	of	residence	time	at	





A	 new	 biocatalytic	 method	 for	 the	 synthesis	 of	 aldehydes	 with	 extensive	 applications	 as	
components	of	flavours	and	fragrances	was	developed.	This	is	the	first	example	of	a	transaminase	
exploited	 in	 a	 flow	 chemistry	 reactor	 under	 highly	 favourable	 oxidizing	 conditions	 for	 the	






in	 the	 organic	 stream	 and	 alanine	 in	 the	 aqueous	 one,	 with	 an	 extremely	 simplified	 work-up	
procedure	and	almost	no	manipulation.	Due	to	the	high	local	concentration	of	the	(bio)catalyst	and	
to	 the	 enhanced	 heat	 and	 mass	 transfer,[19]	 the	 combination	 between	 biocatalysis	 and	 flow	












Batch	 reactions	using	 the	 imm-HEWT	were	performed	 in	1.5	mL	micro	centrifuge	 tubes;	500	µL	
reaction	mixture	in	50	mM	phosphate	buffer	pH	8.0,	containing	10	mM	pyruvate,	10	mM	amino	
donor	substrate,	0.1	mM	PLP,	and	50	mg	of	imm-HEWT	(5	mg/g)	was	left	under	gentile	shaking	at	




°C	 with	 a	 flow	 rate	 of	 1	 mL/min.	 The	 retention	 times	 in	 minutes	 are:	 benzylamine	 (4.1	 min),	
benzaldehyde	 (9.4	 min),	 p-methylbenzylmine	 (5.2	 min),	 p-tolualdehyde	 (16.4	 min),	 p-
methoxylbenzylmine	 (4.4	 min),	 p-anisaldehyde	 (10.3	 min),	 p-ethylbenzylamine	 (5.0	 min),	 p-
ethylbenzaldehyde	 (16.5	 min),	 p-hydroxybenzykamine	 (3.8	 min),	 p-hydroxybenzaldehyde	 (10.5	
min),	p-isopropylbenzylmine	 (10.0	min),	 cuminaldehyde	 (35.0	min),	2-(aminomethyl)-phenol	 (3.7	
min),	salicilaldehyde	(10.3	min),	vanillylamine	(3.7	min),	vanillin	(5.7	min),	veratrylamine	(4.1	min),	
veratraldehyde	 (8.0	 min),	 4-(aminomethyl)-2,6-dimethoxyphenol	 (3.5	 min),	 syringaldehyde	 (5.4	
min),	2-phenethylamine	(3.9	min),	phenylacetaldehyde	(9.8	min),	(R)-2-pheny-1-propylamine	(4.3	
min),	 (S)-2-phenyl-1-propylamine	 (4.3	min),	2-phenylpropanaldehyde	 (10.9	min),	piperonylamine	
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